Spintronic ferromagnetic/non-magnetic heterostructures are novel sources for the generation of THz radiation based on the spin-to-charge conversion in the films. The key technological and scientific challenge of THz spintronic emitters is to increase their low intensity and frequency bandwidth. Our work reveals the factors to engineer both by introducing the scattering lifetime and the inteface transmission for spin polarized, non-equilibrium electrons. We resolve the role played by the electron-defect scattering lifetime on the spectral shape and the interface transmission on the THz amplitude and how this is linked to structural defects of bilayer emitters. The results of our study define a roadmap of the properties of the emitted as well as the detected THz-pulse shapes and spectra that is essential for future applications of metallic spintronic THz emitters.
Recent studies in spintronics have highlighted ultrathin magnetic metallic multilayers as a novel and promising class of broadband terahertz radiation sources [1] . Such spintronic heterostructures consist of ferromagnetic (FM) and non-magnetic (NM) thin films. When triggered by ultrafast femtosecond (fs) laser pulses, they generate pulsed terahertz (THz) electromagnetic radiation due to the inverse spin Hall effect (ISHE), a mechanism that converts the spin currents originating in the magnetized FM layer into transient transverse charge currents in the NM layer resulting in THz emission [2] . Different strategies have been followed in order to explore the THz amplitude and bandwidth of the signal: different material compositions of FM/NM systems with a variety of thicknesses [3] [4] [5] [6] [7] , ferri-and antiferromagnetic metal/Pt structures [8, 9] , spintronic emitters assisted by metal-dielectric photonic crystal [10] , and THz emission from Rashba type interfaces [11, 12] . The spinto-charge-conversion mechanism was additionally probed in metallic and insulating magnetic/NM interfaces [13] [14] [15] showing however much lower efficiency of the THz emission compared to the metallic magnetic layers. Despite the fact that the transfer of a spin current from a FM to a NM layer (that is the source of the THz emission) is a highly interface sensitive effect, no correlation between the structural quality of the interface and the crystal properties of the metallic components on the signal strength and spectrum has been established. Few existing papers have hinted at contradicting results. A direct comparison of an epitaxial Fe(3 nm)/Pt(3 nm) bilayer with a signal-optimized polycrystalline CoFeB/Pt structure with the same layer thicknesses revealed a comparable THz signal strength [4] .
Contrary to that, a significant increase in signal amplitude between Fe/Pt emitters grown epitaxially on MgO (100) substrates compared to emitters grown polycrystalline on sapphire substrates was reported in Ref. [3] , but not further investigated. Similarly, the better crystal quality of a CoFeB layer, controlled by the annealing temperature, has significantly enhanced the THz emission intensity [16] . Besides the numerous studies, the understanding and the engineering of the THz intensity and the spectrum bandwidth of spintronic emitters remains an uncharted territory.
In this work, we reveal the decisive role the defect density play for the enhancement of the emitted THz signal amplitude and bandwidth. We address the influence of singlecrystallinity and the local FM/NM interface morphology on the THz emission. We link the structural properties of the metallic bilayers with the THz signal amplitudes and spectra of the emitters. To support the experimental findings, we employ a theoretical model based on the Boltzmann transport equation that accounts for the differences in the elastic electron scattering lifetime in the layers and for the transmission of the spin-polarized hot carriers at the Fe/Pt interface.
Epitaxial and polycrystalline growth
In order to address the generation of THz radiation by spintronic emitters with varying structural parameters, we investigate fully epitaxial stress-free, deformed epitaxial and nonepitaxial bilayers. We use Fe/Pt bilayer samples as a model system with different interfaces and crystal quality. We focus on Fe(2 nm)/Pt(3 nm) bilayers since these thicknesses are optimized to provide the highest THz amplitude [3, 7] . The Fe/Pt samples were either grown epitaxially on MgO (100) or polycrystalline on sapphire Al 2 O 3 (0001) substrates [17] [18] [19] .
Capturing the structural dependent-THz emission with Boltzmann transport sim-
ulations
The electron dynamics that lead to the evolution of the THz emission from fully disoriented crystallites (maximum number of defects) to fully epitaxial bilayers (minimum number of defects) is theoretically described by the Boltzmann transport equation (BTE) [20] [21] [22] .
Femtosecond laser pulses excite electrons from below to above the Fermi level. The excited quasi-free carriers ("hot carriers") then move through the structure and scattering processes are responsible for the eventual return to equilibrium. These processes can be numerically simulated using the BTE (see methods)which determines the space and time dependent carrier distribution function of electrons with a spin-orientation [22, 23] . The absorption of a fs laser pulse inside the metallic layers is governed by typical optical parameters and we follow the idea originally proposed in Ref. [24] to calculate absorption, electron dynamics and THz emission. Our numerical approach for solving the BTE is presented in Ref. [25] . As result of our simulation, the time-dependent carrier distribution for hot spin-up and spin-down electrons is obtained for the Pt layer and will be used for calculating the spin current. Critical material parameters concerning the structural features of the heterostructures are the elastic scattering lifetime τ el which correlates with the overall defect density in the Fe and Pt 3 layers and the Fe/Pt interface transmission coefficient T which is influenced by local lattice defects at the interface. Other material parameters, such as carrier velocities at different energies as well as their lifetimes are taken from literature (from Ref. [26] for Fe and from Ref. [27] for Pt).
Influence of the elastic electron-defect scattering lifetime on the THz emission First, we discuss the variation of the electron-defect scattering lifetime. Typical elastic scattering times are on the order of 50 fs and can be decreased by increasing the number of defects. In Fig. 1 a, the induced spin current averaged over the Pt layer is shown. All signals show a bipolar pulse shape (one maximum and one minimum) with an initial peak close to the maximum of the laser excitation, t max =175 fs. The signal does not vanish until 500 fs after its onset. The shape of the time-dependent spin current for small Fe/Pt layer thicknesses on the order of typical free paths (carrier lifetime 10 fs times carrier velocity 1 nm/fs) can be explained as follows: reflections of the charge carriers at the metal/insulator and metal/air interfaces allow the charge carriers to traverse the metal stack many times and the net spin current is then formed as a combination of the temporal evolution of the fs pulse intensity and of the difference of the charge carrier velocities depending on their spin orientation. For longer elastic scattering lifetimes, the spin-polarized carriers contribute to a longer-lasting and stronger signal. The magnitude of the spin current decreases with smaller lifetimes or, equivalently, larger scattering rates. The minority carrier peak (negative sign) is enhanced for shorter lifetimes due to the earlier onset of majority carrier relaxation in Pt which propagate initially at higher energies. For smaller lifetimes, the spin current decays faster (shorter signal, especially for the negative part) which can be understood as a faster relaxation of the spin system towards equilibrium. The spin current spectrum shown in Fig. 1 b is the Fourier transform of the spin current from a: it shows a bandwidth of approximately 12 THz at 10 % maximum which coincides roughly with the inverse of the femtosecond laser pulse width (1/FWHM ≈ 15 THz). Since the magnitude of the spinpolarized charge currents decreases with lower scattering time, the shape of the spin currents becomes more symmetric and the spectrum has a lower maximum which is shifted towards higher frequencies. The main differences in the spectra lie in the absence of low-frequency components for shorter electron-defect lifetimes. Due to dispersion, the low frequency components arrive earlier than the high frequency components (the phase information of the components was re-used for the IFT). Note the change of units from a to d.
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The aim of the following calculations is to simulate the THz-signal measured by the PCA detector starting from the results of the Boltzmann theory. To obtain the spectral electric field amplitude E(ω) of the THz wave detected by the photoconductive antenna, PCA, (Fig. 1 c) from the spin current spectrum (Fig. 1 b) , multiple steps have to be considered in the following: (i) The in-plane oscillating charge current j c (ω) inside of Pt, which generates the THz emission, is proportional to the oscillating spin current j s (ω) by the ISHE. The proportionality constant is defined as the spin-Hall-angle. After the propagation of the THz pulse through the lens, the pulse is emitted into free space and is directed by the THz optics onto the antenna. High-resistivity silicon is known for its small, frequency-independent attenuation of THz radiation. Therefore, the influence of the Si-lens on the spectrum in Fig. 1 c is small. It is outside the scope of the simulation to model the influence of the 6 mm thick lens. However, transmission, absorption and reflection effects in both the metallic and the MgO layer, as well as at the interfaces, have been taken into account by the transfer-matrix formalism. The general discussion for the spectra concerning τ el remains valid, however their bandwidth is decreased due to the strong optical absorption in MgO setting in above 3 THz [28] .
To obtain the time-dependent, detected THz-pulses, and in order to compare them with the measured pulses, the spectra from 
Influence of the Fe/Pt interface transmission on the THz emission
Up to now we have correlated different electron scattering lifetimes (due to changes in the defect density) with the amplitude and the bandwidth of the THz emission. In order to fully explain the evolution in the signal magnitude, the Fe/Pt interface transmission T for the hot carriers has to be taken into account. So far, the model used a perfect transmission of T = 1 (no reflection R = 0 at the interface) for both majority and minority electrons at all energies above the Fermi level. As depicted by the results of the simulations in Fig. 2 a, the shape of the spectra does not change with reducing the transmission, but the amplitude of the THz signal decreases gradually with lower T . As shown in the inset of Fig. 2 b, the peak amplitude decreases monotonically from T = 0.9 to T = 0.5 with a reduction of about 20 % in amplitude. Therefore, even a moderate deviation from a near perfect transparency will still be visible in experiments. Although T is an energy-and material-dependent quantity, we will regard it as an independent parameter in our simplified model. This is partly due to the fact that T (E) is very difficult to calculate ab-initio (in particular for strained systems) and partly because it simplifies the physical picture for this study.
Experiment: Terahertz emission from structurally modified heterostructures
We now correlate the simulated behavior of the THz-emitters with experiments. The THz pulses and spectra obtained from the spintronic Fe (2 nm) / Pt (3 nm) emitters grown on MgO and sapphire are shown Fig. 3 a and b , respectively: the E-field peak-to-peak amplitude of the emitter on sapphire is about 70 % smaller than the one on MgO. The THz pulse of the emitter on sapphire is slightly compressed in the time axis which indicates a larger contribution of high-frequency components or equivalently lower dispersion (which is also true for sapphire [29] ).
The epitaxial emitter in (Fig. 3 b) , shows a large enhancement in signal at lower frequencies < 3 THz. Therefore, the polycrystalline emitter has its peak amplitude at a larger frequency around 1.3 THz. The MgO-based emitter has its maximum at 800 GHz. In the frequency range between 3 and 6 THz, both emitters have a similar spectral amplitude. The epitaxial growth enhances the signal strength of the lower frequencies by about one order of magnitude. As it was shown in the Boltzmann transport simulations before, the difference in spectral composition of the THz pulses around the maximum is due to the enhanced defect density (τ el is decreased) in the polycrystalline Fe/Pt emitter grown on sapphire.
Next, we discuss the spectra of the Fe (2 nm) / Pt (3 nm) emitters grown on MgO When looking at the spectral amplitude of the THz pulses in Fig. 3 c and d , it is apparent that the spectra possess similar shapes: all curves exhibit their maximum signal at around 850 GHz (clearly depicted in the insets) and have the same characteristic decrease in amplitude at around 3 THz because of the absorption profile of MgO [3] . The curves have highly similar shapes, but are shifted in amplitude (log-scale) by a factor of about 2. The fully epitaxial bilayer grown at 300
• C possesses larger signal.
The experiment for this set of samples points to the fact that the change in the electron scattering lifetime alone cannot explain the experiment. The same spectral shape indicate similar elastic lifetimes for both samples. The epitaxial nature of both samples seems to maintain the spectral shape despite the different degree of deviation from perfect epitaxy. samples with a Cu interlayer [7] . The insertion of a Cu interlayer has again no influence on the spectral composition of the generated THz pulse [7] . Only the amplitude is scaled down by a factor of 2 due to the reduction of the interface transmission of the two Cu interfaces.
Similarly, in Fig. 2 d, the concept of interface transmission based on the degree of epitaxy is valid even for much thicker layers Fe(12 nm)/Pt(6 nm) of similar interface quality [19] .
Summary
The presented data chart the features of the manipulation and optimization of the THz-E-field amplitude and bandwidth of the THz radiation of spintronic emitters.We control the emitted THz spectra by modifying the defect density that results in changing the elastic electron-defect scattering lifetime in Fe and Pt and the interface transmission for spinpolarized, non-equilibrium electrons. We experimentally address the aforementioned factors by studying relaxed epitaxial, deformed epitaxial and fully non-epitaxial Fe/Pt bilayers. A decreased defect density largely increases the electron-defect scattering lifetime compared to polycrystalline growth and results in a significant enhancement of the THz-signal amplitude and shifts the spectrum towards lower THz frequencies. The parameter of the interface transmission is correlated to the ability of the interface to transfer the spin current in the NM layer. The latter influences the spectral amplitude of the emitted THz field but conserves the composition of the spectrum. The proposed roadmap allows us to predict the temporal and spatial evolution of the spin current inside the metallic layers, to account for the generation and optical propagation of the THz wave, and to forecast the THz-pulse shapes and spectra by taking into account the electron scattering lifetime and the interfacial spin current transport.
